Treatment of a variety of alkyl-and arylsilanes, R 4−n Si(C≡C-R ) n , and -germanes, R 4−n Ge(C≡C-R ) n (1-7), with equimolar quantities of the dialkylmetal hydrides HMR 2 (M = Al, Ga; R = CMe 3 , CH 2 CHMe 2 ) yielded by reduction of a single alkynyl group a series of mixed alkenyl-alkynyl compounds R 4−n Si(C≡C-R ) n−1 {C(MR 2 ) =CHR } (n = 2, 3) and (19) [R = Ph, Mes, Me, C 6 F 5 ; R = CMe 3 , Ph). Most of the products were characterised by Xray crystallography which for the alkenyl-alkynyl derivatives revealed short intramolecular contacts between the coordinatively unsaturated metal atoms and the α-C atoms of unreacted ethynyl groups C α ≡C-R .
Introduction
Treatment of oligoalkynylsilanes and -germanes, R 4−n E(C≡C-R ) n (E = Si, Ge), with equimolar quantities of dialkylaluminium or -gallium hydrides, H-MR 2 (M = Al, Ga), have been shown to afford mixed alkenyl-alkynylsilicon and -germanium compounds [1 -7] by addition of an E-H bond to a C≡C triple bond (hydroalumination, hydrogallation [8] ; Scheme 1). These reactions are highly regio-and stereoselective with the aluminium and gallium atoms in the products exclusively localised in a geminal position to silicon or germanium and a cis-arrangement of the metal and vinylic hydrogen atoms across the resulting C=C double bonds as the kinetically favoured orientation [9] . Rearrangement to yield the thermodynamically favoured trans-products has been observed only for very few compounds with relatively small alkyl groups attached to the metal atoms [1] . As a particularly interesting structural motif these alkenylalkynyl derivatives exhibit an intramolecular interaction between the coordinatively unsaturated aluminium and gallium atoms and the α-carbon atoms of the C≡C triple bonds bearing a relatively high partial negative charge [1, 2, 4 -7] . Only in the case of the very bulky bis(trimethylsilyl)methylaluminium derivatives an approach of the functional groups is prevented by strong steric repulsion [1, 3] . These interactions activate the E-C bonds, and as a consequence a thermally induced rearrangement resulted in the formation of sila-and germacyclobutene derivatives by 1,1-carbametallation [3, 5] (Scheme 1). The obtained heterocycles show an interesting fluorescence behaviour upon irradiation with UV light. Corresponding 1,1-carbaboration reactions have been observed for similar boron compounds by the group of Wrackmeyer [10 -18] . Hydroalumination or hydrogallation of two C≡C triple bonds of the oligoalkynylsilanes and -germanes has afforded compounds with two unsaturated aluminium or gallium atoms in a single molecule which proved to be effective chelating Lewis acids and coordinated halide atoms in a chelating fashion [4, 5] Scheme 1. Hydrometallation of dialkynylsilanes and -germanes: alkenyl-alkynyl compounds, cyclisation and chelating Lewis acid (E = Si, Ge; M = Al, Ga).
(Scheme 1). Functionalisation of the alkynylsilanes and -germanes by Lewis-basic amino groups or halogen atoms resulted after hydrometallation in strong intramolecular Al-X or Ga-X interactions which by activation of Si-X or Ge-X bonds allowed the observation of interesting secondary reactions [19 -21] . In this article we report on the continuation of our systematic studies in this field. In particular we were interested in the electronic influence of the substituents attached to silicon or germanium on the strength of the intramolecular M···C interactions and replaced, for instance, phenyl by strong electron-withdrawing pentafluorophenyl groups. We further used a silane with a bulky mesityl group to study the influence of steric interactions on structure, spectroscopic properties and reactivity, since secondary reactions such as cyclisation or the hypothetical release of dialkylelement alkynides strongly depend on the substituents. These studies are crucial for a concise understanding of the unique properties of these highly important new classes of compounds.
Results and Discussion
The alkynylsilanes and -germanes R 2 Si(C≡C-R ) 2 , R-Si(C≡C-R ) 3 , R 2 Ge(C≡C-R ) 2 , and Ge(C≡C-R ) 4 (1 to 6; Eq. 1) were synthesised conveniently following standard literature procedures [7, 22 -26] . The lithiation of the terminal alkynes R -C≡C-H (R = CMe 3 , C 6 H 5 , p-C 6 H 4 -Me (p-Tol)) with n-BuLi at -78 • C afforded the corresponding lithium alkynides which in situ were reacted with the appropriate element halides R 4−n ECl n (E = Si, Ge) to generate the alkynylelement compounds by salt elimination. Only the preparation of the pentafluorophenylgermanium compound 7 required a different strategy to avoid problems associated with the synthesis and purity of the (F 5 C 6 ) 2 ECl 2 or Cl 2 E(C≡C-R ) 2 precursors due to non-stoichiometric reactions and the formation of inseparable mixtures of (F 5 C 6 ) 4−n ECl n or Cl 4−n E(C≡C-R ) n (n = 0 -4). Making use of an amine protecting group was found to minimize these problems [7] . GeCl 4 was therefore treated with two equivalents of LiNEt 2 to give Cl 2 Ge(NEt 2 ) 2 which was reacted with Me 3 C-C≡C-Li to yield the dialkynylgermane (Et 2 N) 2 Ge(C≡C-CMe 3 ) 2 . The latter was deprotected with HCl to afford Cl 2 Ge(C≡C-CMe 3 ) 2 which in the final step was converted with in situ-formed F 5 C 6 Li to (F 5 C 6 ) 2 Ge(C≡C-CMe 3 ) 2 (7) in 54 % yield (Eq. 2).
The hydrometallation of these alkynylsilanes and -germanes proceeded as expected and followed the previously established rules in terms of reactivity and selectivity. Stirring one equivalent of the metal hydride H-MR 2 (M = Al, Ga; R = CMe 3 , CH 2 CHMe 2 ) with the alkynylsilanes or -germanes 1 to 7 at room temperature in toluene or n-hexane (synthesis of 10) be-tween 30 min and 12 h yielded the corresponding 1 : 1 addition products 8 to 13 (E = Si, Ge) in yields above 63 % [(i) in Eqs. 3 and 4] . The addition was in all instances strictly regioselective with the electropositive metal atom binding exclusively to the negatively polarised alkenyl C atom attached to silicon or germanium and stereospecific with a cis arrangement of the metal and H atoms in the resulting olefin substituents.
No rearrangement of the kinetically favoured cis addition products to the thermodynamically favoured trans products was observed. There is a short contact between the metal atom and the α-C atom of an unreacted alkynyl substituent (see discussion below) which as a consequence becomes unavailable for the bimolecular transition state required for the cis/trans isomerisation [9] . (4) the molecular structures of the 1 : 1 addition products 8 to 13 are shown in Figs. 3 and 4. The key feature of the structures is a short distance between the coordinatively unsaturated metal atoms and the α-C atoms of one alkynyl substituent with average M···C distances of about 250 pm in the case of Al and 270 pm in the case of Ga. The significance of these interactions becomes evident from the formation of essentially planar four-membered M-C vinyl -E-C ethynyl heterocycles with the respective torsion angles between 0 and 9 • (Table 1). The atoms of the associated alkyne and alkene substituents are in the same plane, and the MR 2 and ER 2 groups adopt a perpendicular arrangement to this plane. Another consequence of the M···C α ≡C interaction is a pyramidalisation of the coordination sphere of the metal atoms as evident from a 23 -37 pm deviation from the planes defined by the directly bonded carbon atoms (Table 1) . There is only little influence on the lengths of the C≡C triple bonds which are only marginally longer than in the alkynylelement starting materials. It is noteworthy that there is no significant difference between the bond lengths of the coordinated and the "free" alkyne in 12, while in the case of 13 there is a small lengthening [120.1(2) versus 121.7(2)] which is associated with the shortest M··· C α ≡C contact (244.9 pm) and the largest deviation from planarity (37 pm) in the presented series of compounds. a Shortest Ga-C ortho (Ph) contacts; b absolute values, sign ignored; C α is the α-C atom of an ethynyl group or the ipso-C atom of a phenyl group; c deviation of M from the average plane of the directly connected carbon atoms. Representative diagrams of the four 1 : 2 addition products which were crystallographically characterised are shown in Fig. 5 (17) and 6 (18) . The molecular structure of the dialkenyldialkynylgermanium compound 18 shows the same features as the already discussed 1 : 1 addition products. There are two relatively short Ga···C α ≡C distances (281 and 285 pm) resulting in two essentially planar Ga-C vinylGe-C α heterocycles that are approximately perpendic- ular to each other. In the absence of uncoordinated "free" alkynyl substituents the short Ga···C α ≡C contacts are replaced in compounds 15, 16 and 17 by interactions between the metal atom and the ortho-C atoms (277 -291 pm) and to a lesser degree the ipso-C atoms (310 -328 pm) of the adjacent phenyl substituents leading to two nearly planar Ga-C vinyl -E-C ipso heterocycles that are perpendicular to each other. The phenyl substituents are rotated towards the Ga atoms to minimise the Ga-C ortho distance. This interaction is also associated with a deviation from planarity for the Ga atoms as observed in the above discussed compounds (see Table 1 ). The spectroscopic characterisation is consistent with the results of the crystal structure determinations. Selected IR-and NMR-spectroscopic parameters are summarised in Table 2 . In accordance with a few previously reported observations [19] the crystallographically detected M···C α ≡C contacts in the hydrometallation products 8 to 13 and 19 correlate to a lowering of the ν(C≡C) stretching frequency in the IR spectrum by 30 -50 cm −1 ( Table 2 ) relative to the "free" alkynes 1 to 7. In compounds 12 and 13 we found three ν C≡C stretching vibrations covering the entire range observed for coordinated and free ethynyl groups (2200 to 2120 cm −1 ) which obviously reflect the structural speciality with the presence of "free" and coordinated alkynyl groups in a single molecule.
In the 1 H NMR spectra all hydrometallation products 8 to 19 showed a characteristic signal in the region of 6.4 -8.3 ppm for the olefinic hydrogen atoms, and in case of the silicon compounds 3 J SiH coupling constants > 24 Hz were observed. Coupling constants > 20 Hz have been shown to be characteristic of cis isomers (Al and H on the same side, Si and H on different sides of the C=C bond), while constants < 15 Hz are indicative of the trans isomer [9] . Only in case of the 1 : 2 addition product 19 there is one of the two coupling constants < 15 Hz, and the corresponding alkene substituent was consequently identified as the thermodynamically favoured trans isomer. Although we do not have direct evidence by crystal structure determination in this case these findings verify unambiguously the unique molecular structure of 19. One alkenyl group has the kinetically preferred cis-arrangement of Ga and H atoms while the second one adopted the thermodynamically favoured trans-configuration.
The chemical shifts of the CMe 3 groups in the 1 H NMR spectra of compounds 8, 9, 11, 12, 13, and 18 followed the sequence δ (MCMe 3 ) > δ (C≡C-CMe 3 ) ≥ δ (C=C-CMe 3 ) ( Table 2 ). The low-field shift of the MCMe 3 group (δ = 1.3 -1.4 ppm) may be a consequence of the higher coordination number of the metal atoms as a result of the discussed M···C α ≡C interaction. In compounds 15 to 17 that do not have such an interaction the trend was reversed, and δ (MCMe 3 ) was shifted to higher field (δ = 1.03 -1.06 ppm). For the mixed cis/trans compound 19 we observe resonances in two different ranges (δ = 1.47 and 1.25(av) ppm) which in accordance with the above assignment may be interpreted in terms of the presence of four-coordinated (δ = 1.47; Ga-C α interaction; cis-alkenyl) and three-coordinated Ga atoms (trans-alken). The quaternary carbon atoms of the CMe 3 substituents were found to have very similar chemical shifts in the 13 C NMR spectra, around δ = 40 ppm for C=C-CMe 3 and δ = 29 ppm for C≡C-CMe 3 and GaCMe 3 . The more electron-rich AlCMe 3 carbon atoms were observed at about δ = 18 ppm. The M(CMe 3 ) 2 and EAr 2 groups in the 1 : 1 addition products were found to be magnetically equivalent in solution which is in accordance with the molecular symmetry and an almost planar four-membered heterocycle. In case of compound 19 the CMe 3 substituents of the Ga(CMe 3 ) 2 group trans to H were found to be magnetically inequivalent at room temperature in the 1 H and 13 C NMR spectra which may be caused by the cis-arrangement of the bulky substituents and a comparatively high barrier of rotation. The Al and Ga analogues of 19 with phenyl instead of tolyl substituents showed similar NMR data [6] . To study the influence of temperature on the solution behaviour of the 1 : 2 adducts the NMR spectra of compound 17 were recorded at variable temperatures. When a sample of 17 in toluene was slowly cooled to 210 K, the singlet for the magnetically equivalent Ga(CMe 3 ) 2 groups broadened, then disappeared in the base line at a coalescence temperature of 270 K and on further cooling split into two well-defined singlets at 1.27 and 0.88 ppm. Similarly the doublet for the o-H atoms broadened and disappeared in the baseline at 210 K. This behaviour is consistent with a hindered rotation at lower temperature due to the Ga···o-C interaction that was observed in the solid state. Based on the NMR data the activation barrier for the rotation was estimated to ∆G # = 53 kJ mol −1 [30] which is very similar to values reported for M···C α ≡C interactions in the literature (54 kJ mol −1 ) [6] .
Conclusion
Hydroalumination and hydrogallation of oligoalkynylsilanes and -germanes with dialkylmetal hydrides afforded either alkenyl-alkynyl-or dialkenyl compounds depending on the stoichiometric ratio of the starting compounds. It is interesting to note that despite the larger polarity of Al-H compared to Ga-H bonds dual hydroalumination was not successful in most cases, while dual hydrogallation resulted in the formation of dialkenyl compounds after relatively long reaction times. The different behaviour may reflect the relatively strong Al-H-Al three-centre bonds in usually oligomeric dialkylaluminium hydrides which re-sults in a lower reactivity in hydrometallation reactions. The results reported in this article allow a systematic interpretation of some interesting spectroscopic findings. The difference of the chemical shifts between both ethynyl carbon atoms in the 13 C NMR spectra is a measure for the polarity of the triple bonds. In the case of the alkenyl-alkynyl derivatives it depends essentially on the substituents attached to the β -carbon atoms. For tert-butyl groups there is a large difference between the shifts of both carbon atoms of 39 to 50 ppm, while phenyl or p-tolyl groups lead to much smaller differences of only about 18 ppm. A comparison between 8 and 9 suggests that the presence of aluminium atoms result in a higher polarity of the ethynyl group. A second alkynyl group attached to the central Si or Ge atoms does not seem to influence these data significantly. Similar observations were made for the alkenyl groups of these mixed-substituted compounds (∆δ = 25 to 35 ppm versus about 2 ppm). Interestingly the chemical shift differences of those dialkenyl compounds (14 to 18) which do not have an unreacted alkynyl unit are in a narrow range between 9 and 12 ppm and do not show a correlation to the substituents in β -position. The pentafluorophenyl group of 11 does not affect the NMR spectroscopic data significantly. But in the starting dialkynyl compound 7 we observed the largest difference ∆δ between both carbon atoms of an ethynyl group (∆δ = 45.4 ppm) which may reflect a slightly increased polarity of these bonds induced by the electron-withdrawing group.
The molecular structures of the alkenylalkynylsilanes and -germanes exhibit a bonding interaction between the coordinatively unsaturated aluminium and gallium atoms and the α-carbon atoms of the unreacted ethynyl groups. Independently of the central atom (Si or Ge) relatively close intramolecular contacts are observed for the aluminium compounds (245 to 253 pm) while longer ones result with gallium (265 to 271 pm). This behaviour reflects the different Lewis acidity of the metal atoms. In the absence of unreacted alkynyl groups aluminium and gallium atoms reach coordinative saturation by interactions with aryl (15 to 17) (see also [19] ) or, as reported only recently, tert-butyl groups [19, 20] . Once again the electron-withdrawing pentafluorophenyl group in 11 does not significantly influence the structural properties. Only in the starting compound 7 we observed relatively short C≡C bonds which may be caused by a slightly increased charge separation. The mesityl groups in 12 and 13 seem also not to have a measurable influence. From these results it may be concluded that the substituents at the central silicon or germanium atoms do not influence the properties of these highly functionalised compounds significantly (see for comparison our results with alkyl-substituted silanes or germanes [1, 2] ). In contrast the metal atoms (Al versus Ga) and the terminal substituents of the alkynyl groups are important for the prediction of specific properties and the course of secondary reactions such as the thermal rearrangement to yield heterocyclic compounds.
Experimental Section
All procedures were carried out under an atmosphere of purified argon in dried solvents (n-hexane, c-pentane and n-pentane with LiAlH 4 ; Et 2 O and toluene with Na/benzophenone; 1,2 difluorobenzene and pentafluorobenzene with molecular sieves). NMR spectra were recorded in C 6 D 6 at ambient probe temperature or C 7 D 8 for variable temperature studies (15) using the following Bruker instruments: Avance I ( 1 H, 400.13; 13 C, 100.62; 29 Si, 79.49 MHz) or Avance III ( 1 H, 400.03; 13 C, 100.59; 29 Si 79 .47 MHz) and referenced internally to residual solvent resonances (chemical shift data in δ ). 13 C NMR spectra were all proton-decoupled. IR spectra were recorded of Nujol mulls between CsI plates on a Shimadzu Prestige 21 spectrometer. HAl(CMe 3 ) 2 [31] , HGa(CMe 3 ) 2 [31] , Mes-SiCl 3 [32] , Cl 2 Ge(C≡C-CMe 3 ) 2 [7] , Ph 2 Ge(C≡C-CMe 3 ) 2 [7] , Ph 2 Ge(C≡C-Ph) 2 [2, 22, 23] , Me-Si(C≡C-C 7 H 7 ) 3 [6] , and Ge(C≡C-CMe 3 ) 4 [24] were obtained according to literature procedures. Commercially available HAl(CH 2 CHMe 2 ) 2 , Me 3 C-C≡C-H, F 5 C 6 Br and n-BuLi (1.6 M in n-hexane) were used without further purification. The assignment of NMR spectra is based on HMBC, HSQC and DEPT135 data. 2 (1) [25, 26] A solution of n-BuLi (40.0 mL, 64.0 mmol, 1.6 M in n-hexane) was added dropwise at −78 • C over a period of 1 h to a solution of Me 3 C-C≡C-H (5.24 g, 7.85 mL, 64.0 mmol) in Et 2 O (45 mL). The mixture was stirred for 2 h at this temperature and then allowed to warm to room temperature overnight. The yellow solution was then treated with Ph 2 SiCl 2 (8.91 g, 7.40 mL, 35.2 mmol) at −78 • C over a period of 90 min. The mixture was stirred for 2 h at the same temperature and then allowed to warm to room temperature overnight. The mixture was filtered, and the residue was washed with n-hexane (20 mL). The solvent of the combined filtrates was removed in vacuo. The solid residue was dissolved in a small quantity of n-pentane. Cooling to −30 • C gave Ph 2 Si(C≡C-CMe 3 ) 2 (1) as a colourless, airstable solid. Spectroscopic data of the previously reported compound [6, 7] 3 (2) n-BuLi (9.6 mL, 15.4 mmol, 1.6 M in n-hexane) was added dropwise over a period of 15 min to a solution of Me 3 C-C≡C-H (1.26 g, 15.4 mmol) in Et 2 O (50 mL) at −78 • C. The mixture was allowed to warm to room temperature overnight and added dropwise over a period of 20 min to a solution of Mes-SiCl 3 (1.29 g, 5.12 mmol) at −78 • C. The mixture was stirred for 1 h at this temperature, allowed to warm to room temperature and stirred overnight. Inorganic salts were dissolved in aqueous HCl (10 %), the organic phase was separated, and the aqueous phase was extracted three times with Et 2 O (20 mL). The combined organic phases were dried over MgSO 4 Ge(C≡C-CMe 3 ) 4 (6) [24] Preliminary data of Ge(C≡C-CMe 3 ) 4 (6) have been published previously [5] . We modified the synthetic procedure and conducted a complete characterisation. n-BuLi (1.6 M in n-hexane) was added slowly to a solution of equimolar quantities of Me 3 C-C≡CH in 100 mL of Et 2 O at −78 • C. The reaction mixture was stirred for 2 h at this temperature, and a solution of GeCl 4 (25 mol %) in Et 2 O (50 mL) was added dropwise. The mixture was stirred for 2 h at this temperature, the cooling bath was removed, and the suspension was stirred at room temperature overnight. Inorganic salts were dissolved in aqueous HCl (10 %), the organic phase was separated and the aqueous phase was extracted three times with Et 2 O (20 mL). The combined organic phases were dried over (F 5 C 6 ) 2 Ge(C≡C-CMe 3 ) 2 (7) n-BuLi (4.1 mL, 6.56 mmol, 1.6 M in n-hexane) was added dropwise over a period of 5 min to a solution of F 5 C 6 Br (1.62 g, 6.56 mmol) in Et 2 O (50 mL) at −78 • C. The mixture was stirred for 1 h at −78 • C. During this period the temperature must not exceed −50 • C to prevent elimination of LiF and the formation of explosive tetrafluorobenzyne. A solution of Cl 2 Ge(C≡C-CMe 3 ) 2 [7] (1.00 g, 3.28 mmol) in Et 2 O was then added over a period of 20 min at −78 • C. The reaction mixture was allowed to warm to room temperature and stirred for 5 h. HCl (50 mL, 10 %) was added, the aqueous phase was separated and extracted three times with Et 2 O (50 mL). The combined organic phases were dried over MgSO 4 and filtered. The solvent of the filtrate was removed in vacuo. Recrystallisation from n-pentane at −30 • C yielded compound 7 as a colourless oil (1.00 g, 54 %). -IR (CsI, paraffin): ν = 2195 vs, 2160 vs ν(C≡C); 1957 vw, 1870
Ph 2 Si(C≡C-CMe 3 )

Mes-Si(C≡C-CMe 3 )
X-Ray crystallography
Crystals suitable for X-ray crystallography were obtained by recrystallisation from n-pentane (7, 10, 11), 1,2-difluorobenzene (2, 8, 9, 12, 18 ) or pentafluorobenzene (13, 15, 16, 17) . Intensity data were collected on a Bruker APEX II diffractometer with monochromated MoK α or CuK α (10) radiation. The collection method involved ω scans. Data reduction was carried out using the program SAINT+ [33] . The crystal structures were solved by Direct Methods using SHELXTL [34, 35] . Non-hydrogen atoms were first refined isotropically followed by anisotropic refinement by full matrix least-squares calculations based on F 2 using SHELXTL. Hydrogen atoms were positioned geometrically and allowed to ride on their respective parent atoms. Compound 7 crystallised with one n-pentane molecule per unit cell, which was disordered across the inversion centre, compound 2 crystallised with one 1,2-difluorobenzene molecule per formula unit, which showed rotational disorder over two positions (0. 
